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Health Monitoring and Diagnosis of Solid Rocket Motors with Bore
Cracks

Anhduong Q. Le', L. Z. Sun', and Timothy C. Miller®’

1University of California, Irvine, CA 92697-2175
*Air Force Research Laboratory, Edwards AFB, CA 93524

A finite-element-based computational model is used to investigate the effects of
bore cracking on the changes in stress distributions along the bondline of solid
rocket motors at various storage temperatures. Capabilities of a rocket motor
health monitoring system are assessed based on the assumption that the
proposed stress sensors are evenly distributed along the circumference of the
inside of the motor case. A quantitative relationship is obtained between the
crack depth and the sensor data to inversely estimate the size of bore cracks in
the motor. It is shown that the proposed type of sensing system can detect
critical bore cracks in solid rocket motors.

Keywords: structural health monitoring (SHM) - structural integrity - damage
detection - stress sensor - temperature sensor - rocket propellant - solid rocket
motor (SRM)

1 Introduction

Structural health monitoring is of significant interest for the safety and reliability of solid rocket
motors (SRMs) [1-3]. The ability to detect damage in SRMs will help enable timely, accurate,
and reliable assessment of structural integrity, yielding great cost savings and preventing
catastrophic structural failures [4]. Because SRMs are cooled from the cure temperature to an
ambient temperature, residual stress fields persist in the grain throughout its life, and as a result,
SRMs can develop flaws that can cause catastrophic failure on ignition. There are three primary
failure mechanisms: propellant aging in the grain [5-7], cracking near the bore [8-10], and
delamination at the interfaces between the propellant, insulation, and case [5, 11]. Bore cracking
occurs typically at the midplane of the motor and grows radially towards the case while
simultaneously extending longitudinally towards the ends of the motor. While fracture
mechanics based quantitative investigations are available for stress and strain distributions in
motors due to bore cracks, little has been done on the inverse problem of detecting bore-cracks in
SRMs in the literature.

In this paper, we use finite element methods to investigate the effects of bore cracks on the radial
stress fields at the bondline during the cooling process of a solid rocket motor. With the
assumption of stress sensors evenly distributed along the inner wall of the case, the relationship
between the bore crack depth, the number of sensors, and the required sensor accuracy is
established. In addition, a quantitative mapping is obtained between the crack depth and the
sensor data so that crack depth can be inversely estimated. It is shown that the proposed
framework can successfully detect bore cracking in solid rocket motors.
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2 Methodology

The solid rocket motor we chose to model is a simplified version of a center-perforated motor, as
shown in Figure 1. Because of symmetry, only half of the cross section is modeled. The inner
and outer grain diameters are 203.2 mm and 406.4 mm, respectively. The thickness of the
insulation and case are 2.54 and 3.175 mm, respectively. The propellant is a typical composite
grain of hydroxyl-terminated polybutadiene/ammonium perchlorate (HTPB/AP). The insulation
layer is ethylene propylene diene monomer (EPDM). The temperature-dependent mechanical
properties of HTPB/AP and EPDM were obtained from in-house testing at the U.S. Air Force
Research Laboratory (Edwards Air Force Base, CA). The motor case is assumed to be a
filament-wound graphite-epoxy motor. A simplified symmetric layup with winding angles of
(0°/90°/+£45°); is assumed and modeled with quasi-isotropic thermal-elastic responses (Young’s
modulus is 55.9 GPa, Poisson’s ratio is 0.30, and the coefficient of thermal expansion is

2.16 x10° K™ [12].

In an attempt to improve the failure tendencies of SRMs, designers have incorporated stress-
relieving flaps and boots near the ends of the propellant grain. However, since damage in
composite propellants and related flaw development are favored in regions of high stress
triaxiality, bore cracks can still develop near the center of the motor. In this work, it is assumed
that a bore crack typically develops first at the motor midplane and then propagates
longitudinally towards both ends of the motor. Because of the bore crack proclivity for
nucleation at the midplane, the corresponding two-dimensional plane-strain problem can be
analyzed using the finite element method to investigate the effect of a bore crack on the local
stress distribution. The plane-strain assumption is warranted by the length-to-diameter ratio of
most rocket motors. The analysis is performed using the commercially available finite element
software package ABAQUS. Five bore crack cases are considered with different crack sizes: 8.0,
12.7,25.4, 38.1, and 50.8 mm (with a web thickness of 101.6 mm, the corresponding crack
depths normalized by the web thickness are 0.08, 0.125, 0.25, 0.375, and 0.50). All of the models
are subjected to slow temperature cooling from the cure temperature to a service temperature.
With a stress-free cure temperature of 58°C, an additional 2°C in temperature drop to account for
cure shrinkage effects, and a final service temperature of -40°C, the total effective temperature
drop used is 100°C.

Figure 2 shows a typical mesh with a crack extending 38.1 mm from the bore surface into the
grain. The mesh is highly focused at the crack tip to give good resolution of the near-tip stress
fields. There were 31750 nodes and 6287 elements used in this mesh; models for the other crack
depths have a similar level of refinement. The elements were quadratic isoparametric hybrid
elements with reduced-order integration. The hybrid elements available with the ABAQUS
software incorporate pressure as an independent variable to help prevent computational problems
with incompressible or nearly incompressible materials. Symmetry boundary conditions
constrain horizontal motion along the left edge of the models (see Figure 1) except on the crack
faces, and a single vertical nodal restraint prevents rigid body motion. The radial, hoop, and
shear stresses at the propellant/insulation surface were determined for temperature drops from
60 C to -40°C (cooling takes place in a quasistatic fashion with 10°C increments).
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3 Results and Discussion

Figure 3 shows the Dual Bond Stress and Temperature (DBST) sensor that is proposed for health
monitoring of solid rocket motors [11, 13]. These sensors measure both radial stress and
temperature near the case wall. The sensors are mounted to the case wall during the
manufacturing process. In this paper, we use an assumed accuracy for a difference between two
sensor readings of 10 kPa. This assumed value is based on our previous experience with the
sensors over many years of testing, and is an upper bound for sensor accuracy. More details on
the accuracy of these sensors are given in Section 4. Since the sensors measure radial stresses
near the case wall, we focused mostly on these stresses, although hoop stresses are consistently
higher in magnitude and could be another means to detect anomalies in motors. Figure 4 shows
typical finite element model contour plots of radial, hoop, and shear stresses in a flawed
propellant grain (the case and insulation layer are not shown for clarity). The plots shown here
are for a bore crack size of 38.1 mm at -40°C. It is demonstrated that the magnitudes of radial
and hoop stresses are in the same order while shear stresses are much less than those normal
stresses. A stress singularity occurs at the crack tip for all three stress fields.

Figure 5 further shows the radial stresses near the case wall in an “unwrapped” fashion — in this
graph, a value of ¢ = 0° indicates the stresses immediately over the flaw, and ¢ = 180° indicates
the stresses diametrically opposite to the flaw. Graphs for all of the flaw depths are shown and
can be compared to the baseline value of 855 kPa. This graph can be interpreted as follows:
cooling an uncracked motor by 100 °C causes a radial stress of 855 kPa to be experienced near
the case wall. However, as a flaw develops, this baseline stress value is perturbed near the flaw,
with points remote from the defect approaching the baseline value. As the flaw grows, the
absolute values of the perturbations increase, as does the range over which they take place. These
perturbations affect the sensors and can be used to analyze the health of the motor.

For example, assume that a four-sensor system is employed; so that four sensors are distributed
evenly along the case wall in a ring at the motor midplane (see Figure 1). The maximum and
minimum values of the four sensor readings are compared for various positions of the sensor set
(the position of the sensor set is characterized by 6 in Figure 1). The least optimal location
(corresponding to the smallest value of these differences) can be compared with sensor accuracy
for various defect sizes — for a given defect size, if this difference is larger than the sensor
accuracy, then the sensor data can be used to detect the flaw. In Figure 6, data for a crack length
12.7 mm is shown. The smallest difference between maximum and minimum stress values of the
four sensors takes place if 6 = 10° (or 80°), and this difference is 18.6 kPa. In other words, no
matter where the sensors are located, the difference between the maximum and the minimum
values of the four sensor readings is always larger than 18.6 kPa. For the sensors currently being
considered, the stress values are accurate to +10 kPa [11, 13]. The implication is that by
comparing the four sensor values, defects with crack length 12.7 mm in this solid rocket motor
could be detected with 100% probability.

Similar analyses were conducted for three-sensor and six-sensor systems. For the crack depth of
12.7 mm, the differences between the maximum and minimum readings at the least-optimal
locations were 5.18 kPa and 25.5 kPa respectively, for the three-sensor system and the six-sensor
system. By performing similar analyses for all of the flaw sizes, a set of curves are constructed as
shown in Figure 7, demonstrating that increasing the number of sensors improves flaw
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detectability. For example with only three sensors, the detectable bore crack depth is only 18.8
mm, while with a four-sensor system it is 9.0 mm, and with the six-sensor system it is only 7.6
mm. Such an approach can be used with other motor geometries to produce similar curves,
which can then be applied to assess the effectiveness of health monitoring systems with respect
to detection of bore cracks.

3.1 Acquiring Data at Different Temperatures

Until now, we have assumed that the health monitoring data was acquired by cooling the motor
slowly to a service temperature of -40°C. Although giving the biggest response, the sensors can
still detect defects at less extreme temperatures. To examine the effect of service temperature on
flaw detectability, a four-sensor system is assumed to be cooled from the stress free temperature
to final temperatures of 20°C, 0°C, -20°C, and -40°C with the crack length in this case being
12.7 mm. The analysis is summarized in Figure 8. It is shown that the detectability is enhanced
by taking sensor readings at lower temperatures. With four sensors, the crack length 12.7 mm
can be detected with 100% probability at or below -20°C. Above this temperature, the probability
of detection is reduced but still quite high, as is shown later — see the Section 3.3. Of course, for
a slightly larger flaw, the entire curve would be shifted upwards — a family of curves could be
generated from the finite element data. Using such data, a test temperature could be selected that
ensured detection of critical flaws while still minimizing cooling requirements for the test.

3.2 Detectability when One Sensor Fails

The health monitoring system capability can be enhanced with more sensors embedded, and the
cost of these sensors is only a small fraction of the cost of the motor. However, using an
excessive number of sensors can lead to a complicated, expensive system with excessive data
storage and analysis requirements. The question is that what the best number of sensors is to use.
Until this point, our discussion has assumed that all sensors in the system work for the duration
of the motor life. However, results can be determined if we assume, say, that one random sensor
in a four-sensor system has failed. It is interesting to investigate the four-sensor system in terms
of detectability of a 12.7 mm deep bore crack when a random sensor fails. An analysis of the
perturbed radial stress data from the finite element model shows that in the event of a random
failure of one sensor in a four-sensor system, the stress differences between the three remaining
sensors will still detect a defect over 80% of the time (assuming 10 kPa sensor accuracy).

33 Percentage of Detectability

Previously, when we analyzed data in the “least-optimal location,” it gave a conservative
estimate of health monitoring system performance. However, this approach ignores most of the
data — it is possible to use the entire data set (for example, the entire curve in Figure 6, as
opposed to its minimum) to determine a probability of detection for a fleet of motors. Some
flaws will be oriented so that the sensors can detect the flaw, but some will not. Probability of
detection arises from a comparison of a curve like that in Figure 6 with the sensor accuracy level.
This concept was employed to analyze three-, four-, and six-sensor systems in this section at an
assumed test temperature of -40 “C and with an assumed sensor accuracy of 10 kPa. Figure 9
shows the results of these analyses. Obviously very small cracks will be undetectable for all of
the sensor configurations (we found, for example, that a 4-mm-deep flaw was undetectable).
However, for the flaw sizes shown here, the various systems performed fairly well — for
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example, for a 12.7-mm-deep bore crack, the three-sensor system had 88% probability of
detection, and the four- and six-sensor systems had 100% probability (this is the middle set of
bars in Figure 9). Analyses of finite element data such as shown in Figure 9 can help motor
analysts decide how many sensors to use in a given situation.

3.4  Estimation of Crack Length

With the in-depth analysis of finite element simulation, we have found a method to estimate the
depth of the bore crack using just the sensor data. The following method is proposed by the
authors to estimate the crack length — in this case, we illustrate it with a four-sensor system and a
temperature drop of 100°C. This method focuses on the difference between the maximum and
minimum values of the sensor readings (i.e., the range of the sensor data).

For each crack location relative to the sensors, a set of data is produced. If the full range of crack
locations is considered and the sensors readings are arranged in decreasing order: R, Ry, R3, and
R4 for all of this finite element data and tabulated, a curve can be constructed in Figure 10,
showing the range (scattered points) of values (R; — R4) as a function of crack length. The solid
lines in the figure represent the boundaries of the locus of (R; — Ry4) for all crack lengths
considered (0 to 38.1 mm). Therefore, for a given crack length, the values of (R; — Ry4) lie within
a defined envelope. With no crack (x = 0 in Figure 10), R, R,, R3, and R4 are always equal, thus
the stress difference is zero — but the value of R;-R4 increases with crack length. To use the
graph, the value of (R; — Ry) is obtained from sensor readings and is located on the vertical axis,
and then a horizontal line is drawn. The intersection of this horizontal line with the bounding
curves shown in Figure 10 gives the lower and upper estimates of the bore crack depth. For
example, if the two stress readings R; and R4 differ by 20 kPa, then the corresponding crack
length is between 10 mm and 14 mm.

4 Conclusions

Health monitoring sensor data can be used to detect bore cracks in solid rocket motors. The
proposed health monitoring system employs combined stress and temperature sensors to measure
radial stresses experienced by the propellant grain because of cooling from the stress-free
temperature. An unflawed motor will have sensors with very similar readings at all test
temperatures; however, as a bore crack develops, it will perturb the stress field and reveal itself
through variations in the sensor data. In this paper, we have described in detail how an analysis
of finite element data can determine the effectiveness of such a sensor system, and can also aid in
the design of such a system. Our analysis, using a typical motor geometry and sensor accuracy
show that (i) the sensors should be able to detect critically sized bore cracks, (ii) the detection
capabilities depend on the number of sensors and the test temperature, (iii) percent of detection
can be assessed from study of the finite element data, (iv) degradation of one of the sensors does
not destroy the capability of the system to detect cracks, and (v) an inverse method has been
proposed to estimate the bore crack depth based solely on sensor data. Future work on these
sensor systems will involve experimental work to validate these relationships, as well as an
investigation of the response of the system to other flaw types such as interfacial debonds.
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Figure 1 Schematic of rocket motor with bore crack centered on the motor midplane (section A-A).
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Figure 2 A typical finite element mesh used for analysis of the sensor system.

Figure 3 A wireless stress and temperature sensor showing the diaphragm and the mounting shim.
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Figure 4 Contour plots of various stress components in a flawed propellant grain (the case and insulation material are not
shown for clarity).
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Figure 9 Detectability of flaws for the two proposed methods of analyzing data.
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Figure 10 A method for determining the extent of the flaw using four-sensor system data.
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